The semiclassical dynamics of a charged spin-1/2 particle in an intense electromagnetic plane wave is analyzed beyond the electric dipole approximation and taking into account the leading relativistic corrections to the Pauli equation. It is argued that the adiabatic spin evolution driven by a low intensity radiation changes its character drastically as an intensity of a laser is increasing. Particularly, it is shown that a charged particle exposes a spin flip resonance at a certain pick value of a laser field strength, which is determined by a particle's gyromagnetic ratio.
The problem and result. A good deal of a considerable knowledge on a charged spinning particle interaction with a low intensity laser has been gleaned from the extensive use of the electric dipole approximation [1] . This approximation works perfectly to describe the particle's classical trajectory as well as to understand the adiabatic evolution of spin, represented by the intrinsic angular momentum [2] . With the growing intensity of a radiation different relativistic corrections to the charge motion become relevant [3] , [4] . This demands to refuse the electric dipole approximation and to take into account the influence of the magnetic part of the Heaviside-Lorentz force. Entering to this non-dipole region a new physics become tangible. In this context, the present talk aims to report on the manifestation of a such non-dipole physics: a charged particle's spin flip resonance induced by a strong laser field.
It is arguably the best to describe the spin-flip resonance in the so-called average rest frame, frame where the mean particle's velocity vanishes. In this frame, as our calculations show, the probability to flip for a spin, that is initially polarised along the direction of propagation of the circularly polarised monochromatic plane wave, is given by an analog of the well-known formula from the Rabi magnetic resonance problem [5] :
The frequency ω S differs from a laser circular frequency ω L and depends nonlinearly on a particle's gyromagnetic ratio g , as well as on a laser field strength parameter [6] :
The flipping amplitude A ↑↓ (η) in (1) has the following resonance form
Sketch of the calculations. To get the above results the recently elaborated method [7] is extended from the classical to the quantum case. The conventional semiclassical approach attitude, when a charged particle motion in a given electromagnetic background is studied classically within the non-relativistic Hamilton-Jacobi theory, is adopted. At the same time, the spin evolution is treated quantum mechanically, as required by the spin nature, using the Pauli equations with the leading relativistic corrections. The spin-radiation interaction is encoded in the effective spatially homogeneous magnetic field configuration, which is determined by the geometry of a particle's classical trajectory. The described approximation is formulated mathematically as follows. The laser radiation is modelled by the elliptically polarized monochromatic plane wave propagated along the z-axis
where 0 ≤ ε ≤ 1 is the light polarisation parameter, and the constant a is related to the laser field strength (2) ,
A charged spin-1/2 particle is in a pure quantum state Ψ admitting the semiclassical charge & spin decomposition,
Two states, |ψ ± , 1 are the linearly independent WKB solutions to the Schrödinger equation for a charged spinless particle moving in the background (4). According to the semiclassical calculations the spin state vectors |χ in the decomposition (5) satisfy the spin evolution equation:
where the spatially homogeneous magnetic field B ′ (t) is accounted for a laser filed coupling to a spin moving in the laboratory frame with the velocity v and acceleration a ,
Here the term in parenthesis is magnetic field seen in the particle's instantaneous rest frame and evaluated along the particle's classical orbit. The last contribution in (7) corresponds to the leading part of the so-called Thomas precession correction due to the non-vanishing curvature of a particle's trajectory [2] . Analysis of the equations begins with the derivation of the exact solution to the classical non-relativistic Hamilton-Jacobi equation for spinless particle moving in the electromagnetic background (4) . Solving this Hamilton-Jacobi problem [7] one determine both, the WKB solution to the Schrödinger equation and the effective magnetic field (7). We assume below that the particle's classical trajectory x(t) fulfills the initial condition x(0) = 0 and fix also the frame, where the average of a particle's velocity component, orthogonal to the wave propagation direction vanishes, < υ ⊥ >= 0 . To find the effective magnetic field we owe from [7] the expression for a particle's velocity
1 To simplify expressions, the initial state is assumed to have only one nonzero coefficient, c +,0 . Note that, the unit normalization condition on the WKB wave function fixes this coefficient πc 2 +,0 = 2m ω P , ω p -a particle's fundamental frequency.
as well as the expression for its z-coordinate:
The argument of the elliptic Jacobian functions and the Jacobian amplitude function, am(u, µ) , is the laboratory frame time t , scaled by the non-relativistically Doppler shifted laser frequency ω
2 Using this solution the exact expression for the effective magnetic field B ′ (t) can be found:
The resonant oscillations.-In the average rest frame, < υ >= 0 , when laser beam is circularly polarised, ε 2 = 1/2 , the expression for the effective magnetic field B ′ simplifies to the constant magnitude field:
aligned the unit time dependent vector n(t) := (sin θ cos ω L t, sin θ sin ω L t, cos θ) . The effective magnetic field (9) rotates with the frequency ω L about the axis inclined with respect to the field. The inclination angle θ is determined from the relation: η tan θ = κ . Therefore, the effective laser-spin interaction for the circular polarised radiation is precisely the famous rotated magnetic field describing the nuclear magnetic resonance phenomenon ! Having in mind this observation one can use the well-known exact Rabi solution [5] to find the semiclassical evolution of spin-1/2 particle. Particularly, a straightforward calculations lead to the expressions (1) and (3) for the spin flipping probability announced at the beginning of this report.
Conclusion. In the present talk the non-dipole effect of a strong laser on the spin of a charged particle was described quantum mechanically, while the evolution of position and momentum of a particle itself were treated according to the classical Newton equations with complete Heaviside-Lorentz force. The derived results indicate a very different spin physics in a high intensity laser field versus to a low intensity adiabatic regime.
